In eukaryotes, the three-dimensional (3D) conformation of the genome is far from random, and this 9 nonrandom chromatin organization is strongly correlated with gene expression and protein function, 10 which are two critical determinants of the selective constraints and evolutionary rates of genes. However, 11 whether genes and other elements that are located close to each other in the 3D genome evolve in a 12 coordinated way has not been investigated in any organism. To address this question, we constructed 13 chromatin interaction networks (CINs) in Arabidopsis thaliana based on high-throughput chromosome 14 conformation capture (Hi-C) data and demonstrated that adjacent large DNA fragments in the CIN indeed 15 exhibit more similar levels of polymorphism and evolutionary rates than random fragment pairs. Using 16 simulations that account for the linear distance between fragments, we proved that the 3D chromosomal 17 organization plays a role in the observed correlated evolution. Spatially interacting fragments also exhibit 18 more similar mutation rates and functional constraints in both coding and noncoding regions than the 19 random expectations, indicating that the correlated evolution between 3D neighbors is a result of 20 combined evolutionary forces. A collection of 39 genomic and epigenomic features can explain much of 21 the variance in genetic diversity and evolutionary rates across the genome. Moreover, features that have a 22 greater effect on the evolution of regional sequences tend to show higher similarity between neighboring 23 fragments in the CIN, suggesting a pivotal role of epigenetic modifications and chromatin organization in 24 determining the correlated evolution of large DNA fragments in the 3D genome.
Introduction 29
At all levels of the hierarchical organization of living systems, biological units rarely evolve in 30 isolation. For instance, species interact with each other in various ways, such as parasitism, competition, 31 and mutualism. Within organisms, proteins encoded by different genes of the same genome or different 32 genomes (i.e., the nuclear and cytoplasmic genomes) frequently act together to accomplish specific 33 functions. When two or more evolving units interact and produce reciprocal evolutionary changes in each 34 other, we say there is coevolution between them (Carmona et al. 2015) . At the species level, a change in 35 one species may impose evolutionary pressure on its interacting species, giving rise to reciprocal 36 modifications in these organisms, as observed in host-pathogen and pollinator/herbivore-plant 37 coevolution (Ehrlich and Raven 1964; Burdon and Thrall 2009) . At the molecular level, a mutation that 38 disrupts the structure and function of a protein or a tRNA may be compensated by a second mutation in 
57
It should be noted, however, that not all of the correlation in evolutionary rates between interacting 58 genes can be attributed to the coevolutionary process. Interacting proteins are usually involved in related 59 biological functions and exhibit comparable expression patterns, which will lead to similarity in the 60 selective pressure exerted on the proteins and give rise to the observed correlated evolutionary rate (Juan 61 3 et al. 2008 ). In any case, an analysis of correlated evolution between interacting genes or other evolving 62 units will provide insights into the organization and functionality of living organisms, whether the 63 covariation derives from similar selective pressure or reciprocal evolutionary changes.
64
As mentioned above, correlated evolution and coevolution at the molecular level have been 65 extensively studied, focusing mostly on functional genes in the genome. With the advance of 66 chromosome conformation capture (3C) and its high-throughput derivate (i.e., Hi-C) technique 67 (Lieberman-Aiden et al. 2009 ) during the last decade, another type of interaction, the physical contacts of 68 genomic DNA in the nucleus, has been revealed at the whole-genome scale with an unprecedented 69 resolution in many organisms. Similar to gene arrangement at the linear level, the 3D organization of the 70 genome in the nucleus is far from random. In eukaryotes, chromosomes are arranged into discrete 71 territories and other finer structures (e.g., A/B compartments, topologically associated domains, 72 chromatin loops), and this architecture influences many biological activities such as gene transcription 73 and splicing (Bonev and , we expect that interacting genes in the 3D chromatin network will evolve in a coordinated fashion.
82
However, to our knowledge, such a hypothesis has not been explicitly tested in any species. Furthermore, 83 considering that interacting DNA fragments in the nucleus contain a substantial proportion of noncoding 84 sequences, it is worth investigating whether these sequences subjected to lower level of selective pressure 85 also evolve in a coordinated way.
86
Here, we explicitly tested the hypothesis that genes and other noncoding sequences located nearby in 87 the 3D genome evolve in a coordinated manner using Arabidopsis thaliana as a case study. Specifically, 88 we constructed chromatin interaction networks (CINs) with Hi-C datasets in A. thaliana and compared 89 the similarity of genetic diversity and evolutionary rates between 3D neighboring fragments with the 90 random expectation. We aimed to answer the following questions: 1). Do genetic fragments that interact 91 at the 3D scale evolve in a coordinated manner in terms of genetic diversity and evolutionary rate? 2). If 92 so, what evolutionary forces (e.g., mutation, natural selection) have driven the observed pattern? 93 4 In addition, it is known that chromatin organization and other genomic features (e.g., GC content, 94 recombination rates, and replication timing) influence the regional mutation rate in both germline and Arabidopsis, we are able to comprehensively explore the relationships between local (epi)genomic 99 features and regional evolutionary rates, along with their implications for the correlated evolution of 3D 100 neighboring fragments.
102
Results 103
Neighboring fragments in the CIN show similar levels of nucleotide diversity and evolutionary rates

104
We split the Arabidopsis genome into 1,193 100 kb nonoverlapping windows (i.e., fragments), and 105 constructed the CIN with both significant intra-and inter-chromosomal contacts using Hi-C data from fig. S3 and table S1, Supplementary Material online). Fragments with more connections 120 in the CIN might be subjected to a higher level of selective constraint, as reflected by a strong negative 121 correlation between the node degree (i.e., the number of interactions for a fragment) and mean diversity 
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The CCS model perturbs the CIN while keeping the following two properties intact: 1) the spatial 154 organization of chromosomes (i.e., network topology); 2) the linear proximity between fragments along 155 their respective chromosomes. However, for the degree-preserving rewiring of the network, only the first 156 property is maintained, while for the CGS model, fragments are allowed to move to other chromosomes, 6 between connected nodes in the true network is significantly smaller than that expected by the CCS 159 model, then the 3D chromosomal conformation other than the linear arrangement of chromosomes would 160 be a major factor explaining the observed correlated evolution. The CCS model is the most logic null 161 model for testing the effects of spatial proximity on the correlated evolution between connected fragments 162 in the CIN, therefore, we only present the results of the CCS simulations in the following sections. 
301
Next, we sought to determine which genetic or epigenetic features have the most significant impact on 302 regional nucleotide diversity and evolutionary rates and how much of the local variation in diversity and 303 divergence can be explained by the combination of features. We found that 57%, 44%, 70%, and 64% of 
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However, it should be noted that nucleotide diversity at neutral sites is also affected by linked selection 335 (background selection and genetic hitchhiking), whose variation within genome is shaped by the strength 336 of selection, the rate of recombination, and the density of selected sites. This result suggests that linked 337 selection may play a more important role in determining regional nucleotide variation than local mutation 338 rate. A. thaliana is a selfing species with a low effective recombination rate, therefore, linked selection 339 may be strong even in 100 kb fragments. On the other hand, substitution rate is less affected by linked 340 selection. Only group II has a significant influence on the selective constraint, which in turn significantly 341 affects diversity to a great extent and has a limited yet significant influence on divergence. Neither group 342 I nor group II has a significant impact on the efficacy of selection (measured as 0 4 ⁄ ). In addition, the 343 two groups have direct influences on diversity and divergence, indicating that some of the variance in 
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We further correlated the levels of the assortativity of features with their Pearson correlations with 364 evolutionary parameters. Interestingly, those features exerting a greater influence on regional genetic 365 diversity and evolutionary rates also present higher levels of assortativity ( fig. 7A and B ). 
383
We found that both the genetic diversity and evolutionary rate are more similar between 3D chromatin 384 neighbors than between random pairs, and that both mutation and selection play essential roles in the 385 observed correlated evolution. Chromatin organization has a major impact on regional genetic diversity 386 and evolutionary rates in the genome. In addition, those (epi)genomic features that have a more 387 13 significant influence on the evolution of local fragments also present higher levels of assortativity in the 388 CIN, hence contributing more to the observed correlated evolution. The correlated evolution of large-389 scale fragments in the 3D genome inferred from our results will provide us new insights into the evolution 390 and chromatin organization of the Arabidopsis genome and the organization of the eukaryotic genome in 391 general.
392
It is well known that the organization of genes within eukaryotic genomes is not random at the one- 
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Using 4 4 ⁄ and ⁄ as proxies of , we found that spatially contacting fragments possess 478 more similar than that expected by the CCS model (supplementary fig. S28A 
495
Second, as a predominantly selfing species, the effective recombination rate is rather low in A. thaliana.
496
These two properties together affect linked selection in the genome, which in turn affects genetic diversity 497 (Ellegren and Galtier 2016) . Third, some characteristics of chromatin organization in the nucleus of A. 
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Because the DFE-alpha method is not suitable for estimating the rate of adaptive evolution with a 527 small number of genes, we removed individual 100 kb fragments with no more than 15 protein-coding 528 genes from the chromatin network construction procedure and all downstream analyses. Furthermore, we 529 removed fragments for which more than 80% of nucleotides could not be aligned to A. lyrata or masked 530 as repeat sequences in either the A. thaliana genome or their corresponding aligned sequences in A. preserved the spatial configuration of the Hi-C network and randomly shifted the location of fragments 586 along their respective chromosomes. By doing so, the linear adjacency between fragments along the 587 "circular" chromosomes and topology of the network remain unchanged, but the contact relationships 588 between fragments in the 3D structure are perturbed (supplementary fig. S1B , Supplementary Material 589 online). We generated 1,000 simulated networks and calculated the P-value as the number of networks in 590 which the mean value of the difference of a parameter between neighboring nodes is smaller than that in 591 the actual spatial conformation. We also employed other empirical null models: degree-preserving Supplementary tables S1-S2 and figures S1-S30 are attached separately.
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